Microdialysis is a sampling technique for in vivo analysis, [1] [2] [3] and has successfully been applied in pharmacological and biological studies of biomolecules in dialysate. In many cases, the dialysate is collected and analyzed by liquid chromatography, 4, 5 but the time resolution of the assay is not sufficient for real-time monitoring. Our purpose is to develop a system which makes possible on-line real-time monitoring of metabolism in living tissue.
In recent years, in vivo biosensor systems combining such a microdialysis sampling system have been developed for the continuous monitoring of concentration changes of glucose, [6] [7] [8] L-glutamate, [8] [9] [10] [11] L-lactate 6, 12 and acetylcholine, 8, 13 in blood, 14 subcutaneous tissue, 6 and brain. 8, 10, 11, 15 However, these methods have generally been used for the determination of a single analyte. In many cases, however, it is preferable to have the opportunity to measure plural analytes from the dialysate sample.
L-Glutamate, acetylcholine and dopamine are the most important excitatory neurotransmitters in brains. The in vivo monitoring of the concentration changes in the transmitters that take place rapidly in the extracellular space of brain has been especially desired for the pharmacological and behavioral studies of neurotransmitters in brain chemistry.
This paper describes an in vivo flow-injection biosensor system with an on-line microdialysis sampling which makes possible the simultaneous determination of L-glutamate, acetylcholine and dopamine in the extracellular space of rat brains. The analytical system is based on the combination of a microdialysis sampling system and a flow-injection system with a triple electrode which responds selectively to each of the three species without any cross-reactivity among the three sensing parts. As a result, it was found that the proposed biosensor system could be applied to the simultaneous in vivo monitoring of three analytes, without any interferences.
Experimental

Reagents
Glutamate oxidase (GlOD: EC. 1.4.3.11, 24.9 U mg -1 of protein from Streptomyces) was obtained from Yamasa Shoyu. Acetylcholine esterase (AChE: EC. 3.1.1.7, 358 U mg -1 of solid from electric eel), choline oxidase (ChOD: EC. 1.1.3.17, 14.0 U mg -1 of solid from Alcaligenes species), catalase (CT: EC. 1.11.1.6, 20800 U mg -1 of protein from bovine liver), acetylcholine chloride, bovine serum albumin (BAS), and 6-diazo-5-oxo-L-norleucine (DON) were from Sigma. Soluble Nafion (5 wt% in 90% lower aliphatic alcohols and 10% water) was purchased from Aldrich. L-Glutamic acid, choline chloride, dopamine, glutaraldehyde (20% solution), and 1,2diaminobenzene were obtained from Wako. All other chemicals were of analytical reagent grade. The phosphate buffers used as a carrier solution were prepared from sodium dihydrogenphosphate. The saline-phosphate buffer used as a perfusion medium was prepared from NaCl (137 mM), KCl (2.7 mM), sodium dihydrogenphosphate (9.7 mM), and potassium dihydrogenphosphate (1.5 mM) and was adjusted to pH 7.4. Distilled water was purified using a Millipore Milli-Q system (Nippon Millipore).
Cross-flow electrode with three sensing parts
An Eicom (Kyoto) cross-flow electrochemical flow cell was used for the surface modification of the electrode. The electrode assembly consisted of a triple electrode with three platinum disks (2 mm in diameter) arranged in perpendicular for the flow
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Toshio YAO † and Gen OKANO Department of Applied Chemistry, Graduate School of Engineering, Osaka Prefecture University, 1-1 Gakuencho, Naka, Sakai, Osaka 599-8531, Japan A flow-injection biosensor system with an on-line microdialysis sampling system is proposed for the simultaneous detection of neurotransmitters (L-glutamate, acetylcholine and dopamine) released from rat brain cells. The dialysate collected in the sample loop from the microdialysis probe was automatically injected into the flow-injection line with a triple electrode arranged perpendicular to the flow direction. The triple electrode was constructed by hybridizing a poly(1,2-diaminobenzene) film to two enzyme sensing-parts which respond to L-glutamate and acetylcholine, and by coating a Nafion film on a remaining sensing part which responds to dopamine, respectively, without any cross-reactivity. The three sensing parts of the triple electrode responded linearly to the concentrations of L-glutamate and acetylcholine in the range of 0.002 -5 mM and to that of dopamine in the range of 0.002 -20 mM, respectively, without any interference from oxidizable species present in the dialysate. The proposed flow-injection analytical method could be applied to an in vivo assay of these neurotransmitters released from rat-brain cells by the continuous KCl stimulation. direction as a working electrode, a silver-silver chloride reference electrode, and a stainless-steel as an auxiliary electrode. Prior to the surface modification, the surface of the three platinum disks was polished with 1 mm diamond particles (BAS) and rinsed with distilled water. Then two sensing parts of the triple electrode were coated with the poly(1,2diaminobenzene) film by the electropolymerization of 1,2diaminobenzene according to the previous described procedures. 10, 11 Furthermore, two sensing parts coated with the poly(1,2-diaminobenzene) film were modified by cross-linking enzyme and BSA using glutaraldehyde. The method was similar to that described previously 16 and can be described as follows. The GlOD (10 U) or the combination of AChE (200 U) and ChOD (10 U) and 20 ml of 10% (w/v) aqueous BSA were added to 60 ml of 0.05 M sodium phosphate buffer (pH 7.0). An 8-ml portion of a 4% (v/v) solution of glutaraldehyde was added to each of the enzyme-BSA solutions. A 2.5-ml aliquot of the resulting solutions was carefully spread out onto the two poly(1,2-diaminobenzene) film coated platinum disks. The remaining platinum disk was modified with a Nafion film, by spreading 1.2 ml of 5% Nafion solution. The membranes on the three sensing parts were allowed to form for half a day at room temperature, open to the air. In this way, each of the three disks of the triple electrode was modified with the GlOD, AChE/ChO, or Nafion membrane. The triple electrode was assembled into the electrochemical flow cell and washed with 0.1 M glycine buffer (pH 7.5) to remove the excess of enzymes and the residual aldehyde groups onto the enzyme membranes. Furthermore, the trace amounts of glutaminase in GlOD membrane were inactivated by pumping 2 mM DON-0.1 M phosphate buffer (pH 7.0) into the flow cell for 30 min at a flowrate of 100 ml min -1 . The completed electrode was stored in phosphate buffer (0.1 M, pH 7.4) at 4˚C when not in use.
Eliminating column of choline
Controlled-pore glass (CPG; pore size 585 Å, particle size 200 -400 mesh), obtained from CPG Inc (Fairfield, NJ), was packed into a PTFE tube (30 mm ¥ 1.5 mm i.d.). After the activation by glutaraldehyde treatment, ChO (20 U) and CT (5000 U) were coloaded onto a CPG packed column by circulating enzymesodium phosphate buffer (0.1 M, pH 7.0).
Microdialysis flow-injection analysis (FIA) system
The microdialysis FIA system used in this work is outlined in Fig. 1 . A flow-through microdialysis probe was a gift from Eicom. A two-channel microsyringe pump (Eicom EP-60) was used for the delivery of perfusate (saline-phosphate buffer). A microdialysis probe was connected to one port of a six-way autoinjector (Eicom EAS-20) with a 50-cm length of microline tubing (0.1 mm i.d.). The FIA set up was made up of an Eicom double plunger ml pump, an injector (Rheodyne 7125) with a sample loop of 5 ml, a six-way autoinjector with a sample loop of 5 ml, a choline-eliminating column, an electrochemical flow cell with a triple electrode, a Fuso HECS-966 multichannel potentiostat, and a multipen recorder (Nippon Denshi Kagaku U-638). The triple electrode was arranged in perpendicular for the carrier flow direction and connected to the outlet of the autoinjector with a 30-cm length of PTFE coil (0.25 mm i.d.). A constant potential (0.6 V versus Ag/AgCl) was applied to the three sensing parts of the triple electrode, respectively. All of the parts were connected with PTFE coils (0.25 mm i.d., 20 cm length).
Procedures
A microdialysis probe was immersed in a standard solution containing known amounts of L-glutamate, acetylcholine, and dopamine or implanted into the frontal lobe of a rat brain according to the conventional procedures 17 for an in vivo assay. The rat used for the in vivo assay was a Sprague-Dawley male rat (age, 7 weeks; weight, 250 g).
In the first stage (load mode in Fig. 1 ; for 120 s) for the operation, the dialysate from the probe was delivered to the sample loop of a six-way autoinjector by perfusing salinephosphate buffer at a flow rate of 2 ml min -1 . Simultaneously, a standard solution containing L-glutamate, acetylcholine, and dopamine (0.1 mM each) was occasionally injected in the FIA line for checking the drifts in the sensor sensitivity. The optimized carrier buffer was a 0.1 M, pH 7.4, sodium phosphate buffer containing 137 mM NaCl and pumped at 100 ml min -1 . In the second stage (injection mode in Fig. 1; for 30 s) , the dialysate collected in the sample loop was injected into the carrier stream by switching the valve. Switching of the valve was repeated automatically at regular time intervals. In this manner, three analytes in the dialysate were detected simultaneously and repeatedly at a downstream triple electrode.
Results and Discussion
Optimization of sensor construction
In the preliminary experiments, the L-glutamate and acetylcholine sensing parts coated with enzyme membrane alone gave fairly large responses to dopamine and to the electroactive interferents such as ascorbate, urate and cysteine, other than hydrogen peroxide generated enzymatically, as shown in Table 1 . In contrast, the combination of poly(1,2-diaminobenzene) film and enzyme membrane was effective to block the access of dopamine and such electroactive interferents to the platinum electrode surface, due to the size-exclusion function of poly(1,2diaminobenzene) film as described before. 18 It is also known that the Nafion film on the electrode is negatively charged, thereby tending to exclude anionic species such as ascorbate and to preconcentrate cationic dopamine. Actually, the dopamine sensing parts coated with a Nafion film responded selectively to dopamine without any interferences in the presence of electroactive interferents (see Table 1 ).
When the three sensing parts of the triple electrode were arranged in series for the carrier flow direction, some fractions of the hydrogen peroxide generated enzymatically at the upstream sensing part were detected at the downstream sensing parts. In comparison, when the triple electrode was arranged in perpendicular for the flow direction, L-glutamate, acetylcholine, and dopamine sensing parts responded to each analyte without apparent cross-reactivity between the three sensing parts.
However, choline reacted on the acetylcholine sensing part and therefore interfered with the measurement of acetylcholine. Because of this, the ChOD-CT coimmobilized reactor was inserted before the triple electrode (see Fig. 1 ) to remove the choline in the sample according to This reactor had an activity that was sufficient to decompose completely choline below 2 mM in concentration.
Furthermore, the L-glutamate sensing part gave a response to glutamine. The response to glutamine was 63% of that to Lglutamate at a carrier flow-rate of 100 ml min -1 . This is probably due to the presence of trace amount of glutaminase contained as an impurity in GlOD used in this work, because glutaminase catalyzes a reaction of glutamine to L-glutamate according to L-glutamine + H2O AE L-glutamate + NH4 + .
The DON is known 19 as an irreversible inhibitor of glutaminase. Therefore, the 0.1 M phosphate buffer (pH 7.0) containing 2 mM DON was pumped into the flow-cell for 30 min at a flow rate of 100 ml min -1 . After this treatment, the response to glutamine decreased up to 0.2% of that to L-glutamate without any lowering of the sensor sensitivity of the three sensing parts.
Optimization of flow-injection in vivo sensor system
In the FIA system shown in Fig. 1 , the saline-phosphate buffer was pumped to the sample loop of a six-way autoinjector through a dialysis probe with a microsyringe pump, while the carrier solution was also pumped with a double plunger ml pump. The sodium phosphate buffer (0.1 M) at various pH values was tested as the carrier solution. As shown in Fig. 2 , the signal current for L-glutamate was not dependent on pH, but the signal currents for dopamine and acetylcholine gradually and sharply increased at higher pH values, respectively. In this work, 0.1 M sodium phosphate buffer at pH 7.4, was selected as the optimum carrier buffer. Furthermore, 137 mM NaCl was added to the carrier buffer to adjust the ion strength, because the dialysate from the probe was the saline-phosphate buffer (pH 7.4) containing a high concentration of salts.
When the carrier flow-rate was increased from 20 to 200 ml min -1 , while keeping the flow rate of saline-phosphate buffer constant at 3 ml min -1 and the sampling time of the dialysis probe at 120 s, respectively, the signal currents to three analytes gradually decreased, though in different manners (see Fig. 3 ), because the carrier flow-rate was related to the residence time of the sample zone on the triple electrode. The time required for the simultaneous assay of L-glutamate, acetylcholine and a. Comparison of response (peak current) obtained by sensing parts without and with poly(1,2-diaminobenzene) lm onto the enzyme membrane. b. Comparison of response (peak current) obtained by a sensing part without and with Na on lm. dopamine, however, became excessive at lower flow rates, and so a flow rate of 100 ml min -1 was recommended. Also, when the flow rate of the saline-phosphate buffer as a perfusion medium was 3 ml min -1 , the permeability into the probe was 12.6% for L-glutamate, 12.0% for acetylcholine, and 11.2% for dopamine, respectively. At higher flow rates of a perfusion solution, however, the permeability of three analytes into the probe decreased remarkably. Under these flow conditions, the optimum time intervals of the load and injection (see Fig. 1 ) were 120 and 30 s, respectively, and up to 24 dialysates h -1 could be analyzed repeatedly. Calibration graphs for three analytes were run using standard solutions of three analytes with concentrations between 0.002 and 10 mM, which were measured in triplicate under the recommended flow conditions. Figure 4 shows log-log calibration graphs for three analytes obtained by the present in vivo flow-system. A linear relation between the signal currents and concentrations was observed in the range of 0.002 -5 mM for L-glutamate and acetylcholine and 0.002 -10 mM for dopamine, respectively, with linear correlation coefficients larger than 0.998. The slope were 142 nA mM -1 for L-glutamate, 148 nA mM -1 for acetylcholine, and 65.2 nA mM -1 for dopamine. The detection limit (S/N = 3) was 1.5 mM for three analytes. The relative standard deviations of the signal currents for seven replicate measurements were 2.5 -4.8% for each analyte at a concentration of 20 mM.
In vivo monitoring
In vivo monitoring of L-glutamate, acetylcholine and dopamine in the rat brain was conducted by using the system shown in Fig. 1 and implanting a microdialysis probe into the frontal lobe of the rat. The probe was then connected to a microsyringe pump through a swivel to allow the rat free movement. In this manner, the dialysate from the probe was analyzed repeatedly over a period of 1 h, under the analytical speed of 24 dialysates h -1 . The reproducibility of the in vivo measurement of L-glutamate was 4.8% r.s.d. (n = 24). The average amount of L-glutamate in rat brain was ca. 6 mM; this was equivalent to the previously reported values. 10, 11 However, the triple electrode did not give response for either acetylcholine or dopamine. This means that acetylcholine and dopamine contents in dialysate are less than detection limit (1.5 mM) of both analytes in the extracellular space of a rat brain. Consequently, this method was also applied to the monitoring of the concentration change of three analytes released from the rat brain cells as a result of KCl stimulation. When the KCl concentration in a saline-phosphate buffer used as a perfusion solution was increased from 2.7 up to 100 mM, three sensing parts of the triple electrode gave simultaneously a large signal corresponding to 15 mM L-glutamate and two small signals corresponding to 3.9 mM acetylcholine and 4.8 mM dopamine, respectively. However, the continuous stimulation of 100 mM KCl resulted in no signals instantly, after the appearance of the signals caused by significant amounts of three analytes released from some of the destroyed brain cells. The appearance of these signals is due to the continuous stimulation caused by 100 mM KCl that permeated from the dialysis probe into the extracellular space.
It was found from these results that the present microdialysis flow-injection biosensor system is useful for the in vivo monitoring of trace amounts of L-glutamate, acetylcholine and dopamine released from rat-brain cells, by the various chemical stimulations, though is not sufficient in the sensitivity for the simultaneous in vivo monitoring. Therefore, we are now developing a highly sensitive in vivo monitoring system of three analytes, by using an enzyme electrode involving amplification based on the substrate recycling to enhance the sensitivity; details of this will be reported in the near future. 
